SUMMARY The haemodynamic effects of infusion of epoprostenol (prostacyclin) and bolus injection of tolazoline were compared in a crossover study in 11 
Tolazoline is an a adrenergic antagonist and H, agonist agent that has been widely used in infants and children for the preoperative assessment of congenital heart disease,' the management of postoperative pulmonary hypertensive crises,2 and pulmonary hypertension caused by pulmonary parenchymal disorders.' It is not an ideal agent, however, because of the prevalence and severity of side effects, and its prolonged duration ofaction. Depending on the dose used, 30%-80% of infants treated with tolazoline infusion have side effects, which may contribute to mortality. 4 Accepted for publication 8 December 1987 side effects. These are rapidly reversible when the infusion is stopped.'4 These features may make epoprostenol a safer agent than tolazoline. We therefore carried out a study to compare the haemodynamic effects of these two drugs. Table 1 shows the details of the 11 children studied.
Patients and methods

PATIENTS
All had raised pulmonary vascular resistance (> 3 mm Hg. 17'. min. m2) during ventilation with 100% oxygen. In nine patients this increase was primarily the result of congenital heart disease, and in two the main diagnosis was bronchopulmonary dysplasia. After the measurements on air, the children were ventilated with 100% oxygen. Ventilation and adequacy ofnitrogen washout on air and oxygen were compared by monitoring the expired gases. After 10 minutes on 100% oxygen, when nitrogen washout was always complete, all measurements were repeated. The patients breathed 100% oxygen for the rest of the study.
After the measurements on 100% oxygen alone were completed (baseline 1), the vasodilators were administered. Figure 1 summarises the protocol. Because of the differences in half life, we always had to administer epoprostenol before tolazoline. We gave epoprostenol by continuous intravenous [ Comparison of the haemodynamic effects of epoprostenol (prostacyclin) and tolazoline infusion into a peripheral vein and started with a dose of 5 ng/kg/min. This was increased by increments of 5 ng/kg/min until a dose of 20 ng/kg/min was reached. Measurements were made after five minutes at each dose level. We would have stopped the infusion if mean aortic pressure had fallen by more than 20 mm Hg, but this was never necessary. When the final epoprostenol measurements were complete the infusion was stopped. The measurements were then made five and ten minutes after the drug had been stopped. The results at 10 minutes were regarded as baseline 2. Then we gave tolazoline 1 mg/kg as a bolus injection via the pulmonary artery catheter. The measurements were repeated five and ten minutes after the bolus (n = 11). Provided mean aortic pressure had not fallen by more than 20 mm Hg, a further 1 mg/kg of tolazoline was then given and the final measurements were made five and ten minutes after this second bolus (n = 8). In two patients the second dose was not given because of hypotension, and in the third it was not given because the endotracheal tube was becoming blocked with secretions and the necessary endotracheal toilet disrupted the respiratory steady state.
STATISTICAL ANALYSIS Table 1 shows that there were big differences in the initial pulmonary haemodynamic function in the patients studied. This variability was removed by subtracting the initial measurement made on 100% oxygen alone from all subsequent measurements, so that analysis was restricted to the change in the variables. These data were inspected and found to be normally distributed. The mean and the 950o confidence intervals were calculated for each set of measurements.
It is possible to compare the tolazoline results either with the first baseline on 100% oxygen, before any drugs were given (Bl in the figures), or with the second baseline, 10 minutes after epoprostenol and just before tolazoline was given (B2b in the figures). We also had to decide whether to analyse the 11 sets of data that included measurements of the effects of only the first dose of tolazoline or the eight complete sets of data that included both doses oftolazoline. We decided to perform all four combinations of analyses to see whether the choice of numbers or baseline materially affected the conclusions. Thus the comparisons for pulmonary vascular resistance, pulmonary blood flow, pulmonary artery pressure, heart rate, and aortic pressure were (first baseline minus maximal epoprostenol effect) versus (first baseline minus maximal tolazoline effect) for n = 11 and n = 8; and (first baseline minus maximal epoprostenol effect) versus (second baseline minus maximal tolazoline effect) for n = 11 and n = 8. Differences between drug effects were also normally distributed and were also expressed as mean and 95% confidence intervals of the difference.
The comparisons for systemic blood flow, systemic vascular resistance, and the ratio of pulmonary and systemic vascular resistances are based on only six sets of data because systemic blood flow can only be measured accurately by the Fick principle if a truly mixed venous blood sample can be obtained."8 This is not possible if there is left to right shunting. Only four of these six patients were given the second dose of tolazoline. Data for the second dose were not analysed because the numbers are so small. For these variables, the comparisons were (first baseline minus maximal epoprostenol effect) versus (first baseline minus maximal tolazoline effect) (n = 6); and (first baseline minus maximal epoprostenol effect) versus (second baseline minus maximal tolazoline effect) (n = 6). The data for individuals were inspected to see how many patients had the greatest change in pulmonary vascular resistance, aortic pressure, and heart rate on epoprostenol and how many on tolazoline. The significance of these differences was assessed by a test of proportions. resistance, pulmonary blood flow, pulmonary artery pressure, heart rate, aortic pressure, systemic vascular resistance, systemic blood flow, and the ratio of pulmonary to systemic vascular resistances. The results for the second dose of tolazoline are not plotted because they are incomplete. In summary, there were significant falls in pulmonary vascular resistance on both drugs (fig 2) , a significant rise in heart rate with tolazoline and a trend to rise with epoprostenol ( fig 5) , and significant falls in systemic vascular resistance with both drugs (fig 8) . Neither drug caused a significant change in the ratio of pulmonary to systemic vascular resistance (fig 9) . Tables 2 and 3 show the mean and the confidence intervals of the differences between the drugs, analysed as described above. Ifepoprostenol caused a range of values is 95% certain to include the true value. The confidence intervals would have been narrower if only one column had been selected from the tables and the others had been excluded. The biggest positive value was the "best case" for epoprostenol and the biggest negative value was the "best case" for tolazoline. The direction ofthe effects (increase or decrease over baseline) is shown in figs 2 to9.
On this basis, the confidence intervals for the differences between the drug effects on pulmonary vascular resistance are 4-01 to -074 units, for pulmonary blood flow 2-08 to -0-22 1/min, and for mean pulmonary artery pressure 12-5 to -4-8 mm Hg. The heart rate intervals are 11-3 to -18-7 beats/min. For the systemic circulation, the con- figures) ; baseline 2, tolazoline effects compared with second baseline 10 minutes after epoprostenol was stopped and before tolazoline was given (B2b in figures). n = 1 1, 11 sets of data analysed; these included only the first dose of tolazoline; n = 8, analysis of the eight sets of data that included both doses of tolazoline. fidence intervals are 16-2 to -6-1 mm Hg for aortic pressure, 2-39 to -0 71 1/min for systemic blood flow, and 6-86 to -2-72 units for systemic vascular resistance. The confidence intervals for the change in ratio ofpulmonary to systemic vascular resistance are 0 19 to -0 11. The individual data were assessed separately. Epoprostenol caused the greater fall in pulmonary vascular resistance in 7/11 (8/11 if tolazoline is compared with the second baseline), a greater fall in aortic pressure in 8/11 (7/1 1, second baseline), and a greater rise in heart rate in 2/11 (9/11 second baseline).
Discussion
Before drawing any conclusions from the findings described above, the study design must be considered in detail. This discussion centres on the inevitable difficulties of this sort of comparison and the ways of interpreting the results.
The classic method of comparing these two agents would be to use two large matched groups ofpatients, and allocate at random one group to receive tolazoline and one to receive epoprostenol. This was rejected, because matching for age, cardiac diagnosis, baseline pulnonary vascular resistance, and reactivity for two groups of sufficient size would be impossible. We therefore decided to use a crossover design and give both drugs to all patients. Ideally, the order would have been randomised, but because tolazoline has a half life of many hours" and epoprostenol one of a few minutes,"' epoprostenol always had to be administered first. The resulting problems of order effects and possible interactions between the drugs are discussed below; we adopted this design as the best compromise between what was ethically possible and experimentally desirable. Also the inspired oxygen tension needed to be the same for both drugs. Because we wanted to detect the lowest pulmonary vascular resistance for each individual for clinical purposes, we decided to use 100% oxygen, which has been shown to be additive to the effects of both epoprostenol'2 1' and tolazoline. '9 Bush, Busst, Knight, Shinebourne The initial part of the study confirms previous results,'2 13 and the interpretation is straightforward.
Epoprostenol, when added to 1000% oxygen, caused a further fall in pulmonary vascular resistance, with systemic hypotension and tachycardia. When the infusion was stopped, these variables reverted towards baseline. Ten minutes after stopping the infusion, mean pulmonary artery pressure was still a mean 4 5 mm Hg (95 o confidence interval 8 4 to 0 6) below baseline. The other variables were not significantly different from baseline. Pulmonary vascular resistance was furthest from the baseline, largely owing to the results from three individuals in whom reversal was abnormally slow. When these three were omitted, the means ± and 950% confidence intervals five and ten minutes after the end of the infusion were -0 33 (-0-87 to 0-21) and -0-13 (-0-9 to + 0-64) units. We do not know why three patients should have apparently behaved differently; but in general, these results confirm that the half life of epoprostenol is short. '4 The interpretation of subsequent measurements is less straightforward. It is possible that all the effects seen can be attributed solely to tolazoline. But some residual minor effects of epoprostenol may have interacted favourably or unfavourably with those of tolazoline. It is also possible that the prolonged anaesthesia, or exposure to hyperoxia, caused some of the changes we saw. The return of most of the measured variables nearly to the original baseline makes it unlikely that these are major factors. Nevertheless, because the drugs were always given in the same order, such effects cannot be excluded. Furthermore, although for the group the baseline measurements before and after the administration of epoprostenol were similar, there was individual variation, and perhaps it would be better to refer the tolazoline measurements to the original baseline or to the baseline attained just before it was given. Therefore, we analysed the tolazoline results by reference to each baseline in tum for the eight complete sets of data (both doses of tolazoline administered) and the eleven sets (the first dose of tolazoline). The mean differences and their confidence intervals are similar whichever analysis is chosen.
The results confirm that epoprostenol and tolazoline when added to 100% oxygen result in systemic and pulmonary vasodilatation and tachycardia." 132" We were unable to detect significant differences between the haemodynamic effects of these two drugs. The confidence intervals can be used to assess the likelihood that a clinically significant difference was present but not detected. Tolazoline may have reduced the pulmonary vascular resistance by less than one unit more than group.bmj.com on June 22, 2017 -Published by http://heart.bmj.com/ Downloaded from epoprostenol. Even ifsuch a difference were genuine, it would be unlikely to be clinically important. Epoprostenol may have reduced pulmonary vascular resistance by up to 4 units more than tolazoline-a difference that would be clinically important. It is also possibile, however, that epoprostenol causes more clinically significant systemic hypotension than tolazoline. One method of trying to assess the selectivity of an agent for the pulmonary circulation is to look at the ratios ofpulmonary resistance to systemic vascular resistance. The mean and confidence intervals suggest that there is no real difference between the two agents, and that it is unlikely that such a difference was present but not detected.
The data for individual patients show that slightly more subjects had a greater reduction in pulmonary vascular resistance and aortic pressure with epoprostenol than with tolazoline; but these differences are also unlikely to be significant. It seems more likely that reactive pulmonary vessels will be dilated by any vasodilator agent. There is no reason to suppose that any particular class of drug is likely to be more effective for a substantial number of patients.
Some workers have reported increased haemodynamic benefit with doses of tolazoline of up to 10 mg/ kg.4 1121 Ifwe had given higher doses to these children the conclusions might have been different. Side effects may be dose related, however, and at these high doses cause considerable toxicity. Two (18%) of our 11 patients had hypotension at a dose of 1 mg/kg of tolazoline and three (27%) out of eight had hypotension at a dose of 2 mg/kg. Administration of doses as high as 10 mg/kg cannot be regarded as standard practice. 22 We did not detect a major difference between the two drugs, and the confidence intervals suggest that tolazoline at doses of 1-2 kng/kg is unlikely to offer a clinically important, haemodynamic advantage over epoprostenol. It is possible but not confirmed that in the doses used epoprostenol is a more powerful pulmonary and systemic vasodilator than tolazoline. The choice between the two drugs can therefore be made on other grounds.
In this short term study, neither drug had serious side effects. Because a dose of 1 mg/kg of tolazoline caused hypotension in two patients we were unable to give a second bolus but no patient required treatment for hypotension. Repeated doses of tolazoline are often associated with severe side effects that may be a contributory cause of death. In addition, its long half life" means that any side effects can persist for many hours. By contrast, the side effects of epoprostenol are rapidly reversible when the infusion is stopped. '4 The major side effect is hypotension, but others, such as headache and facial flushing,'4 23 are unlikely to be important in patients who are being ventilated. The main disadvantage of epoprostenol is its cost; a single vial costs more than £100 and 24 hours treatment more than C200, whereas treatment for the same period with tolazoline costs £10. It is safer to give epoprostenol; but for single doses for the preoperative assessment of congenital heart disease the risk of side effects is low enough to allow tolazoline to be used because it is cheaper. If more than a single dose is required, for example in the postoperative management of pulmonary hypertensive crisis, epoprostenol should probably be used first, and tolazoline used only if satisfactory results cannot be obtained with epoprostenol. Tolazoline reduced pulmonary vascular resistance more than epoprostenol in only three patients. Neither agent is likely to be suitable for outpatient treatment of children, for whom oral pulmonary vasodilators are more suitable. Long term domiciliary intravenous infusion of epoprostenol has, however, been used to treat adults with primary pulmonary hypertension. 24 We found that the haemodynamic effects of epoprostenol and tolazoline were similar in children with a high pulmonary vascular resistance complicating congenital heart disease. Earlier reports suggest that tolazoline has more severe side effects. Epoprostenol is more expensive; none the less we suggest that epoprostenol should replace tolazoline as a pulmonary vasodilator in these children, except possibly where only a single dose is needed.
